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TRANSIENT VELOCITY ASSESSMENT IN GALLIUM ARSENIDE, AND OF OTHER

GaAs CHARACTEISTICS RELATED TO DEVICE FUNCTIONS

Si::. Mor th Technical F:.eport

Executive Summary

Our efforts. on this project can be divided into four

broad areas:

A. Collection and assessment of literature deal in 9 with

experimental and theoretical work on hiqh electronic

velocity in GaAs material and devices.

B. Critique of the assumptions used in the theoretimal

work mentioned above.

C. Collection and assessment of data from the literature and

our own lab concerninq the midgap level EL2.

D. Using the EL2 data mentioned above to assess the qualit,)

of GaAs wafers as substrates for device purposes.

A. We have accumulated a larqe - brary of publications dealir;

with various aspects of carrier transport in GaAs. From this

initial pool of about 250 articles! over 80 are concerned .-Jith

velocity overshoot, ballistic transport, hot carrier response,

etc. in a variety of materials. Bulk GaAs, two-terminal devices

such as N+N-N+ diodes, and three-terminal devices (such as

MESFETs and bipolar transistors) are treated. We have chosen to

concentrate primarily on the three-terminal device literature.

B. As the dimensions of GaAs devices shrink, charge carriers
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require less time to traverse the active region. For very short

channels in a MESFET, for example, the transit time may be so

short as to become comparable to the time between collisions for

the electron. If the electron does not suffer any cel isions

during its trip through the channel, it is not likely to be

scattered out of the gamma conduction band and into either tre X

or L bands, both of which give the electron a greater effcti:,e

mass, and thus smaller mobility. Any theoretical work mocelinq

the behav a or of carr iers i n shor t-channel devia ces must be

cognizant of this fact. Drift and/or diffusion transpor t

equations must be incorporated into the model and statistical,

collision-based equations such as the Boltzman transport equation

must be used wi th care. The various scattering mechan isms;

influencing carrier transport need to be studied in detail. in

addi tion to the "normal" scattering processes, "new" mechanisms

seem to pop up regularly, as the rather rosy theoretic.al predic-

tions are increasingly running up against far less ortimistic

experimental data. It ma:) be that subpicosecond transit times

for an electron in an FET are simply not possible. An anal,,sis

of the available literature indicates that the scatterin

distance is likely to be no more than 100 nr, or so, which would

make the resolution requirements for lithography almost intoler-

able for a device (MESFET, MODFET, etc.) in which carriers travel

parailel to the surface plane. Accordingly it is necessary for

us tc examine the literature and status of vertically-orierted

dev i ces.



C. On a separate (materials dominant) topic also of concern for

fast GaAs devices and ICs, we have been makin a colleti.-

of information concerninq the various midgap defect levels in

GaAs, notably the "EL2" center. Our library on this and related

topics currently contains over 400 articles and more are bein

added each week. As an indication of the still increasin amrnt

of interest on this topic, over a fourth of the articles have

release dates in 1984 or thus far in 1985. Even ..Jith all this

activity, the microscopic nature of EL2 still remains ar onen

question. It is widely considered that an antisite defect (As or,

a Ga site) is involved, but it has yet to be conclusivelv proven

whether the antisite alone is responsible, or whether EL2 is a

complex made up of the antisite plus one or more nearby defects.

If a complex of some sort is eventually implicated, it is even

more unclear as to what specific defects are involved. Published

work, arid oral presentations at various meetings through earl.i,

i9D5 do not indicate that the total identity of EL2 is clo.-.e to

reaching consensus status. This is, of course, a matter for

concern since a continuing reliable commercial availability of

'undoped LEC" GaAs is an essential for the GaAs IC in dustry..' to

grow as planned.

D. Our 'work also concerns experimental measurements pertainring

to EL2 and other midgap defects in GaAs. (Much of this experi-

mental work is being carried out under NSF sponsorship, but on a
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subject of simultaneous interest to DARPA.) These measurements

include the mapping of the "neutral EL2 " concentration across

the area of a Gals wafer frorm infrared transmi tt rnce dati.

Our experimental technique ha; been developed in sensitivity to

be able to make such measuremen ts with a wafer (polished both

sides) of nominal 0.5 mm thickness. Among the measurements of

this k i nd that have been made to assist DARPA contractors ,.h.e

been transmittance maps on full wafers, part wafers, and thicker

wafer slabs, sen t to us by ARACOR, Inc. Some of these had kere

polished and partly thinned by the ARACOR "non-contact polish"

technique. Measurements with this material were complicated in

some cases by a lack of flatness for the treated surfaces;

rowever, our assessment of ARACOR-treated material ends up as

a finding that this treatment does not have any detectable effect

on the EL2 concentration, as inferable from the optical trans-

m ittane. In collaboration A.ith Tektronix/Triquint Semiconduc-

tors (another DARPA contractor), we have also conducted tests of

comparisons among wafer maps of EL2, dislocations, ant FET

parameters. An initial stage of this work indicates an apparent

correlation between the EL2 concentration and FET properties, as.

distingui.shable frorm any effects of dislocations. This. work is.

con t i nu i ng.
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Six Month Technical Report - Narrative

Ne now discuss each of the program areas in some detail , Bqai r

dividing the project into the same four topics.

A. Collection and asses smen t of literature concern ir q rigr

electronic velocitv in GaAs . Much of the time in the initia 

phase of this proj ect was. spent qathering a base of literature

dealing with transport in GaAs in general and with hi qh e1ec-

tronic velocities in particular. While many of the articles deal

with ballistic effects in bulk material, others treat the problem

in a variety of both t w..ro- and three-termi nal devi ces. The

information gathered about the behavior of electrons in the bulk

material can of ten be applied directly to electrons in the

devices. In order to exploit the ballistic effects, the device

qeometries under consideration are very small . Since i t is

still quite difficult to fabricate MESFETs with 0.25 micron

channels, most of the work published to date is theoreticaw i-

nature, often consisting of Monte Carlo simulations of electronic

behavior. Our own effort has been narrowed to the assessment of

the literature dealing primarily with three-terminal devi,e..

The effects with which we are concerned are discussed in section

B below, initially from a simplistic tutorial viewpoint, and then

w.jith recent pertinent literature as the basis for discussion.

B. Critique of the assumptions used in mooeling ballistic
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effects in three-terminal GaAs devices. Before providing a

critique of the assumptions used in the modeling approaches, ,we

need first to discuss the physical situation in short-charre

devices and ascertain which assumption s would be appropriate. ke

will first discuss the topic of electronic transport in bulk GaAs

and then study the additional effects caused by restrainina the

electron rricotion to small spatial areas.

E.l Scattering Mechanisms

Alt ho ugh some work has been done on hot hole t r an s or t in

GaAs, we will concern ourselves here with electronic transoort

only. The conduction band in GaAs (shown in Fig. 1) is charac-

terized by a direct minimum at the gamma point and two higher

level valleys, the X band in the £100) direction and the L band

in the [111) direction. Although it had earlier been thought

that the X band was lower in energy than the L band, work in the

mid-l970s (see the review [1]) has shown that the two bands are

at a similar energy, with the L band actually being slight1.,

lower. So while it is most favorable energeticaiiy for eiectrons

to be in the gamma band, scattering processes and the application

cf large electric fields can cause large fractions of the

electronic population to reside in the L and X valleys. The

conseuence of having electrons in these higher valleys car be

seen by looking at the curvature of the bands in question in

Fig. 1. The central minimum or gamma band is sharply curved

leading to an electronic effective mass of only 0.063 m, where m

is the mass of a free electron, while the less curved L and X
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bands have effective masses of 0.222 m and 0.58 m respectively.

Thus the mobility of electro'ns is greatlv reduced when the' 9et

scattered from the garrma band to either of the o t-e' t,: . The

key to hav ing very high electronic velocities it aAE is then,

well recoqnized as beinq a mandate, to keep as large a fraction

as P,'ossilIe of the electrotnic popul.atio r it the garn,.: a o for as

long as possible.

There are two prir ipal mechanisins for i, tterband trs-fer of

electrons. Since the L and X valleys are at hi gher energi es than

the gamma Liand, energy rmust ei ther Le added to the electron cor

the kinetic erergy of the electron utilized. In any type of

device, the electrons will be under the nfluence of an elctric

field. The effect of such a field on the population of the

upper valley's is shown in Fig. 2 and the net effect on the

electronic velocity is shown in Fig. 3, both from the .. l-

es.tablised li terature of "ret r ograde electron velc city" in G- -

In addition to beinq boosted into the higher energy , ,.,er

rrobili ty bands by the application of an electric field, electrons

may also get there as a result of various scattering proces.

These procesc.ses include collisions wi th acoustic phonons through

the deformation potential, colli sions with polar optic phonons ,

ioni zed irpurity scattering and nonpolar optic phonons [2,

well as other mechanisms. I rdeed, it has been the case so far.

that new scattering mechanisins are beinq uncovered at a rate that

corresponds very well with the rate at which the experimentai

results are failing to live up to the theoretical predicti ons!
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In order to properly model the behavior of electrons in devices

it iS rie,-es~aryi to include all of these scatterinq processes: in

the eau a t i or= overr i r"q the I e,- t r cri - beha,.,ior . e t e

i n cr eas i ni f i nd i r, that the "kn rown" mechar i sins ha.,e rc. t beer

adeq u atelv de.-cr i bi nq the behavior found itr the small amr,unt of

e en m r tal -or k that has beer done. "tJe ..j' scat ter r n- T- o:-

-. -, pr ir', B ily ,deIlir-,31nq u i th electr- le, rctrn rt 1-.. ... i nterac ,ti s

keep beirq proposed to explain the data.

b,.,ou--.,y,, if the qoal is to have the electr or, tr .eer e the

active reqior of a device before it is s_c.attered or othen.': -.c

e-xci ted irto the hiqher level valleys, one of the keys. is- t.:. r k

the acti ve reqi or as. s.hort as possible. Ni th the advances -r,

tec~hr, la .. that are curren tl,y beinq made, FETs i tI! Ci .25 mi cr,:,r:

charnel lenqths are ro lonqger." urfeasible. The ratiorale is to

make the charnel reqiSri s.o shior t that the electror does. r, -,t ha-e

time to scatter vihile it i= in the re.nion. If the e=,-- .- c.-,

c.ross the reqion wi thout underqoinq any collisions., it ., II

mo,,ri ballisticall y an r yav thereb, at t a in a r, a>,: rri v ci,:,c1 t ,..

Statistical treatment. such as. te Boltzman arr Tr ansrpor t Eau, on

(ETE) are based on the assurpt ion of a large number of cC,' li -=ions

during elect ron i c tr.an.spo rt . Drift and diffusion equatlor n -:

take into account scattering and must be rmodified if the., ar- to

be used with any hope of accuracy.

Before we get into a s.pecific .c r itique of the assu-,itlor-

used by various. researchers, we will shc,w a simple calculatior,

desiqned to illustrate the times and speeds in..,olued. Cori,-ie r
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an electron traveling with constant velocity 2 x 107 r.,s

thro qh a channel of length 0.4 micron; the transit time is then

some 2 ps. Alternatively, suppose ar electron in GAs is

accelerated from rest by a field E = 3 kY/cm for a temporal

impulse lasting 1 ps with no scatterinq; a di.stance of 0.4 micror

is covered, with a final velocity of 8 10 7  c/s. Thus an:,

scattering process with a time between collisions of a

pi :oseconds will, in general, be important. Usu.ally, t Fe

scatterin r mechanisrs are discussed in terms of their effect ,on

the electronic mobility rather than the collision time (see,

e.q., [3)). It has long been thought that the most prevalent

fo rm of scat ter i rq at 300 K is polar mode scattering op ticl

phonons. Ir addition, ionized impurity scattering will become

increasingly important as the number of impurities becomes 1arger

(as may be the case in the active reqion of a device). Deorma-

tion pcotential -catterig n by acoustic phonons can also plan some

role at room temperature. Theso mechanisms are compared in

Fiq. 4. Besides these relatively well-known mechanisins, several

other modes may be important. Intervalley phonon modes and

piezoelectric modes may also be important, and recent work mas

shown that electron-electron and electron-plasmon sccttering

processes play a critical role in limiting electronic ueloci-

ties.

In addition to the above discussion of scattering mechan-

isms, we need to iention one further constraint. The aspect of

the literature that we will be primarily concerned with is that
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of the velocity of electrons. There is a maximum value of the

velocity which should be used to compare the projected velocities

of electron= ir, e i ther the models or the ac tual deviLe-. T :e

qroup velocity of electrons in a material is defined as. (dvdk).

This can be written as (1/h)(dE/dk) which is (1/h) tinmes the

slope of the E':k) relationship. Thus, the qreater the sloie of

the band ( tot the curvature) the hiqher will be the rm..:-;:U,

veloci ty possible in the material. For GaAs., the n',ax imum s-.Iope

i s i n, the central or qarrm a conduc t i on minimum in the [ IO ]

direction as shown in Fiq. 1. This corresponds to a velocity of

Sx lob.3 cm/s. Any projected or claimed velocities greater than

this value must then be vie..jed with skepticism.

B. 2 M i::m::ium Electron Vei o ci t y

We now discuss some of the literature dealinq wi th ver v

high electronic velocity in GaAs, restrictinq ourselves primaril,,

to thr ee-termi nal devices. Tw.o broad qroups of theoretic al

r-iodels exist that discuss large velocity effects in GaAs. The

first are ionte Carlo techniques based on the behavior of a lar e

ensemble of electrons. The motion of the electrons is modeled as

a sequence of free flights between collisions. Between colli-

sions, the electrons are assumed to obey classical lafs of motion

determined by the band structure of the material. Colii=siors are

considered to he random events, whose probabilities are no...n

functions of energy. The duration of a free flight, the ki rid of

scatterinq process and the change in momentum produced by the

coll is on are determi ned b y randomly produced numbers. Tn, i S
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gives, in essence, a numerical solution of the Boltzmann trars-

port equation. The second group of models is based on a hydro-

dyrarmic interpretation of the Boltzrrann transport ecu.tien, r,

involves much less computer time than do the Monte Carlo tech-

ni ques. The second qroup are anal ytical rather than numerical.

This group basically solves Poisson's equation with the approer ri-

ate boundary condi tions using a fast Fourier trani-forr. To be

ph,..,sically meaningful, the mesh spacing must be small enouqh to

resolve the variation of the physical quantitieE involed. The

fast Fourier transform is an iterative process and converqence is

usually taken to occur when the solution for the potential

changes by less than (kT/q). The models can be used to calculate

various physical quantities of interest.

One of the earliest calculations of hiqh electron velocity

in GaAs was that by Ruch in 1972 [4]. His. Monte Carlo rrethod

a-sured thaSt the dom i nan t scattering mechan i sm kas b. pi .ar

optic phonons and also included the effects of acoustic phonons,

non-parabolicity of the conduction band minimum and inter,..,ailev

scattering through the admixture of p-type states. He con,-luded

that the electrons would reach a max.inium velocity of 4.7 X 11t6

cm/s and thus should be able to cross. a 0.35 micron gate in about

1 ps. The electrons he injected were postulated to be cold,

i.e., not excited before injection.

Other early work [5-7] made similar rosy predictions. The

Monte Carlo simulations of Rees et al. [5) stated that velocities

on the order of 2 x i0 7 should be possible for devices with
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source-drain distances as lonq as _3.8 microns if the material is

cooled to 80 K. Carnez et al. [61 mentioned that fringing

effects due to the surfaces arid the cor tacts, reed to, be con-

sidered. Using pulsed fields., they claimed that for gate lengths

of 0.3 m i cro, electrons could reach, velocities of 3 x 10,

with velocities of 3 x i0 7 possible for steady state coricitions.

Shur and Eastman [73 discussed the possibility of iniecting the

electroris ji th a considerable enerqy, and thus not ha.1 i n,- toC,

accelerate the electrons in the gate region. To prever t ir ter-

valley transfer , they 1 imi ted the injection enerq to 0 35 eV

the energy difference between the gamma and L bands. For a

device operating at 77 K, they inferred that ballistic transport

is. certainly possible and should provide velocities in the mid

10 7 range.

The first experimern tal eviderce of ballistic motion i r a

three t errni n al device was provided by Eastman et al . 3, in

1I113C. They said that the mean free pa th between collisions. was

limited b y polar optical phonons to about 0.1 - 0.2 microns.

Since their device structure had a length of 0.5 microns, the.,

assumed that the electrons suffered two or three collisions

durinq the transit. Their electron flow showed definite eviderce

of beinq partially-ballistic in nature rather than sho..-iinq

saturation.

These optimistic predictions continued for the next couple

of years with no real experimental confirmation [9-16). Most of

the veloci ties estimated from the models mentioned above e..,ere in
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the mid io7 rarge. The first real note of caution came in

1980 by Barker et al. [17,18). They correctly pointed out that

wi th gate lengths on the order of 0. m5 ri cro n, the thickres=. of,

the laer was no longer negligibly small. Instead of a one-

dimensional problem, one had to work in two dimensions. In

addition to surface scattering, which had been generally ignoreo,

the claimed that the electron flow may actually be space-charge

limited. Coulombic electron-electron interactions could piay a

vital role in the scattering process. Their conclusion was that

the boundary conditions were what dominated the electronic

motion, not ballistic effects. Thus, by sirrply studying the I-V

characteristics of short devices, ballistic effects could not

even be observed.

One of the few experimental papers of 1981 provided some

information that could be taken as either incouraging or discou-

raging. Shank et al. [15) used a subpicosecond optical technioue

to measure the electron dynamics in a two-terminal diode made of

AlGaAs on GaAs. To fit their data, they assumed an electron

velocity of 4.4 x 10 7 for the first 1.1 picoseconds of the

electron's travel between the contacts and then a slower 1.2 x

107 for the rest of the crossing. This information was encourag-

ing in that it was the first direct confirmation of electronic

velocity significantly greater than 107, but discouraging for

several reasons. First, it took place in a AIGaAs-GaAs hetero-

structure rather than in GaAs. Second, the short period of rap id

transit corresponded to a length of only about 0.2 micron and
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most importantly, the experiment took place at 77 K rather than

at room temperature.

The Cornell qroup s t i m I a i r t a i r, e d t ha t by i n j ec: t i ri q

electrons that were already ballistic (velocity = I x 10l-").

very arqe speeds could be maintained for as long as 0.3 micron.

In fact, even assuminq qradual acceleration, they claimed speeds

reachinq 5 x 10' for length-S of 0 1r icror,. Thei r nodel ,- e r: -

dered o n l y polar optical scattering and all owed inj ec-t i,,n

enerqies of up to 0. j36 eY with no intervall,,ek.) scatter i nq.

In the last couple of years, ho,ever, the theoretical i,..ork

has shown ruc-h less op t imi sin. A1 tho ugh sorne mo dels. st ill

predicted fairly high velocities (the hydrodynarnic model of Euot

and Frey claimed that v = 3.8 x 107 was possible for a .25

micron gate [21), and a one-dimensional model developed by Shuk-

hanov et al. claimed 6 x 107 crr/s [22]), the Monte Carlo studies

,...Jere f i ndinq that other mechanisms, (previously ignored', caused

the path length where the velocity was rapid to shrink very

rapidly. Littlejohn et al. [23) found that even if the avera-Pe

injection energy of electrons was less than 0.36 e', (i.e. , the

intervallev energy) enough electrons have qreater enerqie so

that intervalley scatterinq is very important. Ballisticallky

launched electrons lose their momentum very rapidly (on the order

of a few hundred angstroms), rather than slowly over about 0.3

microns as previously expected. For base widths of about 250

angstrorms , velocities as high as 4 x 107 cm./s may be possible,

but for lengths of 0.1 micron, speeds only half that fast can be
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maintained. Awano et al. [24] painted a somewhat brighter

picture, claiming a velocity of 7 x 10 at a distance of ".16

microns from the source. The device they model has both the gate

and the source-drain distance equal to 0.25 micron. They include

intervalley scattering and collisions with ionized impurities. A

more detailed work by the same group [25] claims that the

electrons are accelerated very rapidly (in the first 0.02 micror

or so) up to speeds of 3.5 x 107 cm/s and then more slowly ur to

about 8.5 x 107 over the remai nder of the .25 micron source-drain

length. They claim that some electrons may even reach velocities

of 1.2 x 108 cm/s. The fact that this value is faster that the

pnysically allowed maximum velocity in GaAs causes one to doubt

the veracity of their work! In addition, the above-quoted values

of velocity were for a temperature of 77 K rather at room

temperature, so their usefulness is further undermined. Their

calculat ions do reveal one in teresti ng ph en omenon - nam.ely that

charge tends to pile up at the drain end of the channel. This

increase in charge density (shown in Fig. 5) could lead to

stronqer electron-electron interactions, although Awano et

al. did not include any scattering mechanisms of this type in

their calculation.

The Cornell group has been the primary group publishing

experimental results in the last couple of years [26,27]. They

found that the predictions based on polar optical phonon scat-

tering being the most important mechanism were overly optimistic.

The devices they were building did not perform up to the Dredic-
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tion s. In fact there tended to be a more than two to on7e

discrepancy. In order to explain the discrepancy, Hollis et

al. [2$) postulated several new scatterin mechanisrms. Ttic v ,,

previously neglected electron-electron scattering and scattering

from coupled plasmor,-op t i cal phonon m odes. Compared to the

previously considered primary scatterin mechanism, the polar

op tical phonon scattering, they found that the electron-electron,

scattering had a rate that was larger by more than 30 percent and

that the plasmon-phoon modes accoun ted for more than tw...ice as

much scattering as the polar modes. Without these e:.tra

scattering modes present, the Monte Carlo simulations provided

device parameters that were approximately twice as optimistic as

the actual performance. Recognizing the limits these new

scattering mechanisins place on device geometries, the Cornell

group is no longer working on the standard MESFET. Their

p1lana r-doped barrier transistor is a vertically oriented device

that uses a barrier to inject electrons with a couple of tenths

of an eV energy (corresponding to velocities in th.- upper 10 7

cm/s). This vertical geometry allows them to have base lengths

that are very short. The work of Hollis et al. [26) dealt with

base widths from 700 - 2000 anqstroms. This work has been

detailed more thoroughly here because it seems to present a good

possibility for high speed devices, as will be discussed below.

Very recent studies have tended to confirm the Cornell

results. Monte Carlo studies by Lugli and Ferry [28) have shown

that electron-electron and electron-plasmon interactions severely
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limit the possibility of ballistic transport except for very

short distances. Even working at energies low enough that

pl asmon-phoron coupling and intervalley scat ter inq can be

neglected, they found that the Coulombic interactions mentioned

above cause the electronic velocity to fall to about half of its.

injected value after only 1000 - 2000 angstroms, as showin in

Fig. E. Work by Haves et al. [292 also found strong electron-

electron scattering. Assuming that this mechanism is equally

strong as the LO phonon scattering, their Monte Carlo results

gave a scattering length of 400 angstroms. They did not include

coupled plasmon modes or impurity scattering in their model.

Experimental work by the same group [29) injected electrons with

0.25 eV into devices with base lengths of 1200 and 1700 ang-

stroms. They found that the electrons experience considerable

scattering during the transit of the base, with, as expected,

electrons in the 1700 angstrom base being scattered more than in

the 1200 angstrom base. Finally, Chen et al. [30) have recently

measured velocities of about 2 x 107 cm/s in InGaAs devices and

suggest that this could be speeded up somewhat by usinq InGals

devices with gates made of GaAs. This latter type of device has

yet to be fabricated.

What we have found, therefore, is that as the fabrication

technology is improved and actual devices are being made, the

results are considerably less rosy than the early predictions of

a few years ago. With the large number of electrons present in

the active regions of most devices, the flow tends to be srace
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charge limited and Coulombic interactions between electrons and

plasmons and among electrons themselves are the dominant scatter-

in mechanisins. It appears to us that with tne scatterin.1

lengths getting dour into the few hundreds of angstroms range it

will be increasingly difficult to fabricate standard geometry

MESFETs with gate and/or channel lengths adequately small. The

best chance for actually making devices with very fast sv.,itchin,?

speeds (at room temperature, of course) appears to lie in

vrerticallv oriented geometries, where the active regions may be

easily made a few hundred angstroms thick. Figure 7 shows an

enerqv diagrarm of the planar doped barrier transistor mentioned

above. A second possibility that also allows for very short

transit distances due to its vertical orientation is the perme-

able base transistor [31,32. Its qeometry is shown in Fig. 3.

C. Collection and a-essmrr,ent of literature concerr inq the rnidqa.

level EL2. As stated in the summary above, the amount of

literature dealing with EL2 is quite astounding. Perhaps even

more amazing, is that even with all the effort being applied to

the problem, the exact physical nature of the defect rerins

unknown. Information gathered over the last two years has

indicated that the defect likely involves an As on Ga antisite,

but there is still some disagreement as to whether the isolated

antisite alone is the culprit or whether it forms a corrmlex with

some other defect. The only real change in the situation over

the last six months is that perhaps fewer people are touting tMe
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isolated antisite as the .nechar i s.m res.porns ible for EL2. It

appears more and more likely that some other enti ty is also

i nvolved. However, there is still no consensus at all as to te

identification of this other entity. One reasonable quess .,ould

be a nearby As vacancy, but other corplexes have also beer,

promoted. The status of the search for the identity of EL2

k...i 11 be fur ther described in out Fourth Quarter R & D -t u.

report, and the Final Technical Report, these having the oppor-

tun i ty to include information reported durinq conferences in the

surrmer of 1985.

1). Mapping of EL2, and Use of EL2 arid Other Mapp i rig Data to

Assess the Quality of GaAs Wafers as Device Substrates. There

has. beer, much recent interest itr measurinq the properties of a

GaAs wafer not just at one point, but at many locations - and the

dr a...ini of maps., for EL2 coricer tratior, dislocatiors, lumines-

cence, device properties, etc. A summary of papers appearing

from 1982 to the beqiriniriq of 1985 on these related toics is

provided as Appendix A of this report, on pages numbered A.! and

A. 2. That Appendix lists over 50 papers. that have arpeared in

that tw#o-year period; and a number more such wlill appear in 193.5,

especially in view of the Jul. 1985 symposium in Montpellier,

France on Defect Recognition and Image Processing (D.R.I.P.) in

I I I -V corr pounids.

Some of the studies by Japanese workers have led to reports

from them [33,34J that the proximity of a dislocation to a FET
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produces a direct shift of the threshold voltage, by up to :300

mW. This contrasts with reports from the Hughes Research group

£353 that there was no direct dislocation/FET correlation in the

wafers they studied. Are these reports conflicting? Or does.

each report spring from a limited source of information? Note

that the EL2 concentration was not mapped in either of these

studies. Thus our o.n work (much of this carried out uner a

program here supported by NSF) has attemp ted to obtain informa-

tion about the mapping of EL2, dislocations, and device proper-

ties, all in the same wafer. Such a comparison is possible only

using the highly refined technique we have developed for measur-

ing the weak absorption of neutral EL2 despite having this.

dispersed only in a thin (0.5 mm) wafer. Figures 9 through 12

illustrate results obtained in our work, which show: there is a

direct correlation between EL2 and devi-e properties, and also,

that the device pattern may resemble that of di.slocations if tte

latter share that pattern also with the EL2 population. Thus a

wafer for which lengthy post-growth anneal has permitted a

dissolution of any original stress-induced coincidence of EL2 and

dislocations is apt to have the device variations follow those of

EL2 rather than dislocations. The subject is of such great

importance that further work is essential.



24

References

1. 3. s. Blakerore, J. Appl. Phs. 53, R123 (1982).

2. S. Kratzer and J. Frey, . Appl. Phys. 49, 4064 (1978)

3. G. E. Stillman et al., J. Phys. Chem. Sol. 31. 119 (1970).

4. 3 G. Ruch, IEEE Trans. - Elec. Dev. E['-19, 652 (1972).

5. H. Rees et al., Elec. Lett. 13. 156 (1977).

G. M. S. Shur and L. F. Eastman, IEEE Trans. - Elec. De.,. ED-2.,

1677 (1979).

7. B. Carnez et al., . Appl. Phys. 51, 784 (1930).

8. L. F. Eastman et al., Elec. Lett. 16, 524 (1980).

9. A. A. Kastalsky and M. S. Snur, Sol. St. Comm. 39,715 1cS1j

10. S. Laval et al., Inst. Ph.s. Conf. Ser. 56, 171, (1981).

11. N. R. Curtice and Y. H. Yun, IEEE Trans. - Elec. Dev. E[,-20,

954 (1981).

12. . A. Higgins and D. N. Pattaravak., IEEE Trans,. - Elec. [E,.

ED-29, 179 (1982).

13. 3. V. Faricelli et al., IEEE Trans. - Elec. Dev. ED-2_', _77

(1982).

14. T. Nada and J. Frey, IEEE J. Sol. St. Cir. SC-14, 398 (1179).

15. R. K. Cook and 3. Frey, IEEE Trans. - Elec. Dev. ED-29, 970

(1982).

16. 3 F. Pone et al., IEEE Trans. - Elec. Dev. ED-29, 1244

(1982).

17. 3. R. Barker and D. K. Ferry, Sol. St. Elec. 23, 519 (I-,-)

23, 531 (1980), 23, 545 (1980).



25

18. J. R. Barker et al., IEEE Elec. Dev. Lett. EDL-i, 209

( 1 3:0 ).

19. C. '. Shark et al ., ppl. Fh,,. Lett. J-' 104 (1981).

20. L. F. Eastman, Inst. Phys. Conf Ser. 63. 245 (1982).

21. F. A. Buot and . Frey, Soil. St. Elec. 26, 617 (1983).

22. A. A. Sukharcov et al., ,,v. Phys. - Semi or,d. 17,1378 (1983),

2?. ". A. Littleiohr et al. ,J. Vac. Sci. Tech. E: 1, 449 (1982).

24. r. A..ur et al., Elec. Lett. 19, 20 (1983).

25. ar c et al., IEEE Trars. - Elec. Dev. ED-3i, 448 (IM- .

2H. H P. Hollis et al., IEEE Elec. Dev. Lett. EDL-4, 440 (1921A.

27. L F. Eastman et al., Annual Rep't. to DARPA (1984).

26. P. Lugli and D. K. Ferry, IEEE Elec. Dev. Lett. EDL-G, 25

( 1 85).

29. J. R. Hayes et al., Phys. Rev. Let t . 54, 1570 (1985).

30. C. Y. Chen et al., IEEE Elec. Dev. Lett. EDL-6, 20 (1985).

Q. , C. 0. E:czler and G. D. Alley, IEEE Trans. - Elec. Dv. 27-

1128 (1980).

32. N. R. Frensle.,, IEEE Trars. - Elec. Dev. ED-30 1624 (19M.

33. S. Mivaza.a et al., Appl. Phys. Lett. 43 , 853 (1983).

34. Y. Ishii et al. , IEEE Trans. - Elec. Dev. ED-31, _I_ (1924?

35. H. V. Nirstor et al., Appl. Ph.s. Lett. 45, 447 (1984).



26

FIGURE CAPTIONS

1. Ererqy band .- tru cture ,:,f Ga s.at 300 K from El).

2. Fraction of electrons in the upper valleys and averaqe

electronic enerq, as a function of electric field from

[15]1.

3. Electro eci t y as a fur ctior of electric field for

silicon, In and GaAs from [14). In all cases, N[= , r7lcr

4. Scit erinq mechanisms considered in most earl. calcuiEstior=-

a. a furction of temperature from [3).

5. Monte Carlo calculation from [25) showing the increase in

carrier density near the drain end of the channel.

6. Recent calculation showing average drift velocity ,.

distance both with (solid lines) and without (da.shed line--.)

electron-electron interactions for two different ini,-cction

ererqie._ from [23).

7. Enerq. diagram for the pianar doped barrier transistor. The

Emitter-Base junction is the hot electron injector, the Base

is. the transi t regi on, and the Base-Collector junction acts

as the hot electron analyzer. The dashed .ines indicate the

band edge under various bias-inq condi tions. From [29).

8. De-,ice qeometr y of the permeable base transistor from [31)

A tungsten grating is embedded in the GaAs and the electrons

pass through slits in it.

9. Comparison of maps showing EL2 concentration, dislocation

density and device parameters for wafer X, an undoped 50 mn,
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diameter GaAs wafer.

10 . C omparisor of maps for wafer Y, also an undoped, 50 rrjm

,i artrGa&- wafer.

11. Correlation plots for wafer Y relatinq FET properties to the

neutral EL2 con-:entration.

12. Cormparirsor, of maps for wafer Z, an In-doped _& mu diam e ter

GS, .afe r
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COMPARISON OF SPATIAL DISTRIBUTIONS ACROSS WAFER "X"

("UNDOPED" S.I. GaAs, 50 mm DIAMETER, 0.5 mm THICK)

OF (a) NEUTRAL EL2 CONCENTRATION No

(b) DISLOCATION DENSITY, ND

(c) Idss FOR MESFET DEVICES MADE IN THIS WAFER.

... . .... ... ..

(0 T. ,,

300 K NEAR-IR TRANSMITTANCE THE WAFER AFTER MOLTEN KOH
INDICATES N0 =1.1 x lOl6 cm-3 ETCHING TO SHOW DISLOCATIONS,

WITH ±1I0% DEVIATIONS, AND WITH 4-FOLD SYMMETRY, AND A
(011)-ORIENTED MINIMA. RANGE 2 x1O 4 ( ND < 7 x O4 cm-2 .

5!

....................... a....

...... ,............,

(Oi) i• --.
....... 0 II 12 13 14

.. .. NEUTRAL EL2 CONCENTRATION, N (1015cm 3 )

CORRELATION PLOT OF MESFET Id s AGAINST

BULK EL2 N°, WITH >99% SIGNIFICANCE. BUT

%

3011)0 KSINCE WAFER "X" HAS ABOVE-NORMAL N AND
Idss VALUES FOR MESFET ARRAY ND WITH THE SAME 4-FOLD SYMMETRY, THIS

MADE IN WAFER "X". EACH STEP WAFER CAN'T DISTINGUISH BETWEEN EL2 AND
DARKER MEANS M% RISE IN Idss. DISLOCATION PROXIMITY AS AFFECTING A FET.

Figure 9



COMPARISON OF MAPS FOR EL2 AND DEVICE PROPERTIES FOR WAFER "Y"

[THIS ALSO IS "UNDOPED" S.I. GaAs, 50 mm DIAMETER, 0.5 mm THICK.

FOR THIS TAIL-END WAFER, ND IS LARGE (-,2x1O5 cm- 2 ) AND UNIFORM.

THUS THE RADIAL VARIATION OF N° ("W-SHAPED" DIAMETER PROFILE),

ALSO SEEN FOR Idss AND Vth OF A MESFET, IS NOT MATCHED BY A

COMPARABLE VARIATION OF THE DISLOCATION DENSITY FOR THIS WAFER.]
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ABOVE, THE MEASURED EL2 ° DISTRIBUTION, WITH MEAN N° = 8 x101 cm-3

A "W-SHAPED" DIAMETER PROFILE WITH CENTRAL MAXIMUM SOME 20% ABOVE
THE MEAN. (STEPS HERE ARE OF AN° = 3x101 cm- .

BELOW, MAPS OF MESFET DEVICE PARAMETERS; Ids AT THE LEFT, WITH

EACH STEP OF DARKER SHADING DENOTING I% LARGER CURRENT. Vth AT THE

RIGHT, WITH EACH STEP OF MORE SHADING INDICATING THAT Vth HAS

BECOME 7 mV LESS NEGATIVE.
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CORRELATION PLOTS FOR WAFER "Y". FET PROPERTIES vs. NEUTRAL EL2

THESE PLOTS TAKE DATA OF Idss (UPPER FIGURE) OR Vth (LOWER FIGURE)

FOR THE MESFET ARRAY CREATED ON A 1 x 1 mm2 GRID ACROSS THE WAFER,

CORRELATED WITH No MEASURED AT THESE LOCATIONS. THUS EACH COMPRISES

ABOUT 1600 DATA POINTS; AND THE CONFIDENCE LEVEL IS >99% FOR EACH.
3.0, '

Idss  versus %° " . " • .: ,

2.5
EE - : "- " ' - *"-'- ," "). ." ..

"2.0

1.5

6 7 8 9 10
NEUTRAL EL2 CONCENTRATION, N- (1015 cm- 3 )

E 0

hV versus NO
> -100

<

.0 -Zo- .- ,.,, fi •

0 -00
0
-J

cc
1 -400 I " *I .

6 7 8 9 10
NEUTRAL EL2 CONCENTRATION, N° ([015 cm - 3)

SINCE THE DISLOCATION DENSITY ND$ WHILE LARGE FOR THIS WAFER WAS

ALSO SPATIALLY UNIFORM, THE DATA POINT TOWARDS A DIRECT INFLUENCE

OF THE EL2 CONCENTRATION IN THE STARTING SUBSTRATE ON THE CHANNEL

CONDUCTANCE - INFLUENCED PRESUMABLY BY THE EL2 COMPONENT OF THE

SPACE CHARGE AT THE CHANNEL/SUBSTRATE INTERFACE. WE SEE EVIDENCE

OF EL2 AT THAT INTERFACE FROM OUR PHOTOFET AND SIDE-GATE EXPERIMENTS,

AS WELL AS DEEP-LEVEL STATES WHICH ARE RESIDUES OF IMPLANT DAMAGE.

Figure 11



COMPARISONS OF EL2 CONCENTRATION, DISLOCATIONS, AND FET PROPERTIES

FOR INDIUM-DOPED LEC S.I. WAFER "Z". [ALSO 50 mm DIAM, 0.5 mm THICK]

INDIUM DOPING IS BEING EXPERIMENTED WITH IN LEC GROWTH 
OF S.I. GaAs

TO "HARDEN" THE LATTICE AND REDUCE DISLOCATION DENSITY - HOPEFULLY

TOWARDS ZERO. IN THE PRESENT CASE, EVIDENTLY THERE WAS NOT ENOUGH

In INCORPORATED, AND ND 0. AN X-RAY TOPOGRAPH (COURTESY OF DICK

FORMAN OF NBS) SHOWS A FOUR-FOLD ND DISTRIBUTION WITH CENTRAL MAXIMUM

XRT PICTURE OF DISLOCATIONS, THE EL2 DISTRIBUTION, AVERAGING

WITH CENTRAL MAXIMUM VALUE N° 6 x101 cm-3  FOUR-FOLD

ND '10 cm-2  SYMMETRY WITHOUT CENTRAL MAXIMUM.

:... . .7. . ....

.. .. . .........

.A

..... ... m m,.

. . . . . . . . . o pl , , • ...........-...

........ ~ ~ ~ ~ ...... ...... a ,J?,. . , ,, .............| I

.... PICTREOFLO.CATIO, NEUTRAL L2 CONCENTRATION N ( cm 3 )

(Oil) CORRELATION BETWEEN FET THRESHOLD

DISTRIBUTION OF Vth VALUES FOR VOLTAGE VALUES FOR THE MESFETS OF

FETs MADE IN ADJACENT WAFER Z'. WAFER Z', WITH OPTICALLY MEASURED

MEAN IS Vt = +600 mV, WITH TEN EL2 N° IN THE ADJACENT WAFER Z.

Si _PS OF AVth = 1 Omin.

Figure 12



APPENDIX A

LITERATURE, SINCE 1982, CONCERNING WAFER SCANNING/MAPPING OF

SEMI-INSULATING GaAs 'WAFERS' SUMMARIZED THROUGH FEBRUARY 1985

(Nnte that many samples from the first section, EL2, are

several mm thick, thus are not true 'wafers'.)

Papers Reporting on the Spatial Variation of the EL2 Concentration in S.I. GaAs Wafers, from IR Transmission

Published Publi- Other
Authors Type of Diameter Thickness Material Form of Data Presentation

or Journal Date Cr'stal (c) (mm) Features
Holmes et al Evian Conf. 1982 LEC (HP) 75 4 Radial line plot

Holmes et al. A.P.L., 3/83 LEC (HP) 75 4 Radial line plot

Brozel et al. A.P.L. 4/83 LEC (HP) 50 5 Radial line plot; also vidicon
micrograph

Holmes et I. A.P.L. 8/83 LEC (HP) 75 4 Contour plot (measurement sites
on grid of 3 mm x 6 =u).

Skolnick et al. J.Elect.Mat. 1/84 LEC (HP) 50 5 High resolution vidicon pictures

Skolnick et al. A.P.L. 2/84 LEC (HP) to 75 3 H4gh resolution vidicon pictures

Holmes & Chen J.A.P. 5/84 LEC (HP) 75 4 Contour plots based on measured
3 mm x 3 mm grid of locations

Duseaux & Martin Kah-nee-ta, 1984 LEC (HP) 50 4 In-doped Mosaic plot (1.5 mm resolution)

Osaka & Hoshikawa """ 1984 VMLEC P) 75 ? Magn. field Radial line plot only

Foulkes et al. """ 1984 LEC (HP) 50 5 In-doped Vidicon pictures, med-high res.

Rumshv et al. " 1984 LEC (HP) 50 5 Annealed Radial lire trace only

Holmes et al. """ 1984 LEC (HP) 75 4 Incl.Anneal ConLour plots; 3 x 6 mm resolution

Leigh et al. " " 1984 LEC (HP &LP) 50 5 Incl.Anneal High resolution vidicon pictures

Dobrilla et al. """ 1984 LEC (HP) 50 0.5 & 5 Mosaic plots (I mm resolution)

Kaufmann et al. " "" 1984 LEC 50 4 Vidicon images, medium resolution

Broze! et al. """ 1984 LEC 50 5 Line scan only

Skolnick et al. 1984 LEC 56 3 High-resolution vidicon pictures

Wang 1984 LEC (L 60 4 Line scan only, 4 mm resolution

Brown et al. 1984 LEC (HP) 50 3 Vidicon micrograph

Brozel et al. J.A.P. 8/84 LEC (HP) 50 3 & 5 Line scans & vidicon pictures

Martin et al. Biarritz 1985 LEC ihP) 50 4 In-doped Mosaic plots before and after
ingot anneal

Brozel et al. Biarritz 1985 LC (HP) 50 5 High-resolution vidicon micro-
photos, attempt at stereo view.

Goutereaux et al. Biarritz 1985 LC (HP) 50 5 Mosaic plot, 1.5 mm resolution

Blakemore et al. WOCSEDQAD 1985 LEC (HP) 50 0.5 Mosaic plot, 1 mm resolutinn,
compared with device parameters

Do'rilla et al. MRS/SFO 1985 LEC (HP) 50 0.5 Mosaic, 1 mm res., device conp.

Papers Reporting on the Spatial Variation over the area of a S.I. GaAs Wafer of Resistivity
(or of "leakage current" test for intrinsic photosensitivity)

Authors Published Publi- Type and size of Results reported
Conference cation Crystals used
or Journal Date

Blunt Evian Conf. 1982 50 mm LEC and HB Contour map from "dark spot" response
wafers

Grant et al. " " 1982 50 mm LEC (HP) Contour map

Matsumura et al. J.J.A.P. 3,83 50 mm LEC (HP) Line scan (M-shape for P and photo-leakage)

ijlimes et al. A.P.L. 3/83 75 = LEC (HP) Line scans

Mits et al. A.P.L. 11/83 50 mm LEC, & HB Pseudo-3D plots, for photoresponse & leakage

Duseaux & Martin Kah-nee-ts 1984 50 mm LEC, In-doped Radial variation shown only

Rumsby et Al. "" " 1984 50 m LEC, annealed Line trace

Goutereaux et al. Biarritz 1985 50 mm LEC (HP) Mosaic plot of RH (1.5 m res.) compared with EL2

A.I



A CONTINUATION Feb. 1985 SU1hhARY OF LITERATURE ON WAFER MAPS FOR S.I. GaAs

Papers Reporting on the Spatial Dependence of Dislocations over the Area of S.I. GaAs Wafers

Authors Published Publi- Type and size of Results Reported
Conference cation Crystals used

or Journal Date

(a) Based on Etch Pit Counting

Grant et al. Evian Conf. 1982 50 = LEC (HP) Mosaic map display of EPD

Bonnet et al. " 1982 50 - LEC (HP) Mosaic map of EPD

Holmes at al. A.P.L. 3/83 75 m LEC (HP) Radial line trace of EPD

Mataumura et al. J.J.A.P. 3/83 50 - LEC (HP) Line scan of EPD

Mita et al. A.P.L. 11/83 50 - LEC & HB Pseudo-3D plot of EPD

Holmes and Chen J.A.?. 5/84 75 mm LEC (liP) Contour maps of EPD

Ponce at al. Lah-nee-ta 1984 LEC (prob. LP) Line scan

Peigen et al. " 1984 60 = LEE (LP) Line scan

DiLorenzo at al. " 1984 LEC, incl. In-doped Contour plot, and full-wafer photos

Stirland at al. " 1984 LEC High-mapnification TEM compared with EPD.

Nakanishi et al. ICSSDM, Kobe 1984 FEC, In-doped Line scan

(b) Pictures and/or Traces from X-ray Topographs

Brown et al. Kah-nee-ta 1984 50 =a LEC (HP) 3 = wafers used, slip bands shown

Ponce at al. 1984 LEC (prob. LP) Transmission picture of full half-wafer

Leigh at al. " "" 1984 50 mm LrC (hP) 0.3 mm wafers used for XRT. etc.

Strausser & Rosencwaig " " " 1984 LEC Thermal-wave image coup. with lRT for high-magn.

Papers Reporting on the Spatial Dependence across a S.I. GaAs Wafer of Carbon (6 other shallow acceptors)

as Deduced either from 17 Um Local Vibrational Mode (LVM) Absorption, or from nesr-bandgap Luminescence

Published PublI- ype and size of

Authors Conference cation Cystals epsore
or Journal Date

Holmes et al. Evian 1982 75 ma LEC (HP) Radial line plot, from LVM absorption at 17 Wm

Miyazawa et al. A.P.L. 2/84 50 mm LEC Room temp. cathodoluminescence, line scans
with high resolution ( 1-2 4m).

Yokogawa et al. J.J.A.P. 5/84 50 & 75 mm LEC Mosaic plots of 4.2 K, 1.49 eV PL, 2 ma resolution

Duseaux and Martin Kah-nee-ta 1984 50 mm LEC, In-doped Reports uniform low carbon from LVM absorption

Kitihara et al. """ 1984 LEC and VPE layers Line scans of PL at 1.494 eV (carbon) and
at 1.490 eV (zinc) along (010) and (011) diameters

Leigh et al. 1984 50 m LEC (HP) 4.2 K cathodoluminescence in SE, with photos
of 5 x 5 ,m

2 
samples, and detailed line scans

at 1.514 eV (e-h, flat) and 1.494 eV (rugged)

Chin at al. A.P.L. 9/84 LEC and HGF 300 K cathodoluninescence micrographs

Yokogawa et al. Biarritz 1985 50&75 mm LEC Mosaic plots of 1.49 eV PL showing anneal effects

Kikuta at al. Biarritz 1985 Undoped S.I.(LEC?) Microfocused laser spot used to generate high

resolution PL image at 1.49 eV, compare with the

PL Images for 0.65 eV and 0.8 eV.

Paters Reporting on Variation over a S.I. GaAs Wafer's area of Device Peraimetrs (V. .etc.)

Published Publi- Type and size of

Authors Conference cation Crystals used Results Reported
or Journal Date

DILorenzo at al. Kah-nee-ta 1984 LEC, inc. In-doped Mosaic plot of FET Vth

Takebe et al. " 1984 75 ma LEC (Mod.P) Mosaic plots for Vth and K

Lee at al. 1984 75 = LEC (HP) Pseudo-3D plots of Vth for FETs aligned

along [010], [011], and [011] directions.

Winston et al. 1984 50 m LEC, In-doped Line plots of Vth for low-dialoc. material

Yamazski et al. A.P.L. 11/84 50 ma LEC, In-doped Mosaic plots of Vth for low disloc. mtl.

Winston et al. Biarritz 1985 75 = LEC, In-doped Concerned with di'location proximity in low-
dialoc. material as affecting Vth sr CL.
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